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Abstract 

A fibei optic finite impulse lesponse tiansversal filter is fabricated using fiber bundles 
The structuie is designed to provide low pass filtering action with a bandwidth of 10 MHz 
The effects of non uniform illumination of fibers m the bundle and bending losses on the 
frequency response of the filter are studied The frequency response of the fabricated filter 
IS measured and is found to be m good agreement with the theoretical frequency response 



Contents 


1 Introduction 1 

1 1 Advantages of fiber optic signal processing 1 

12 P ist woik 2 

1 3 Objective ol the present woik 5 

1 4 Oveiview 5 

2 Transversal Filters 6 

2 1 Fibei optic transversal filter 7 

2 2 Calculation of lengths 8 

3 Experiment And Discussions 10 

3 1 Experimental set up 10 

3 2 Fiber bundle preparation 12 

3 3 Causes of non ideal response and their effects 13 

3 3 1 Non uniform coupling effect 14 

3 3 2 Bending loss and fiber attenuation effect 22 

3 3 3 Attenuations of signal due to fiber loss 25 

3 3 4 Transmitter and Receiver circuits bandwidth limitations 25 

3 4 Experimental Results 28 

4 Applications of fiber optic tapped delay line devices 33 

4 1 Code generation and matched filteimg application 33 

4 2 Fiber optic adaptive filters and equalizers 34 

4 3 Spread spectium fiber optic local area network using optical processing 36 

4 4 Spectral analysis of radio frequency signals 37 


IV 



4 5 Transvcisal filter lealization with non uniform tap spacmgs 


38 


5 Conclusions 


39 


V 



List of Figures 


] 1 Recirculating delay Line 3 

1 2 Tapped delay Line 3 

13 FIR fiber filtei composed of input splitter and output combinei 4 

1 4 Fiber bundle approach 5 

2 1 Tlansvei&al filtei structure 6 

2 2 Cross sectional view of the fiber bundle at the ends 8 

2 3 Ideal frequency response of the fiber optic filter 9 

3 1 Experimental set up for measuring the frequency response of the fibei optic 

transversal filter 11 

3 2 Light emitting diode, model MF0E71 11 

3 3 Spherical coordinate system 14 

3 4 Driver circuit of the LED to measure the far field pattern 16 

3 5 Experimental set up for measuring the far field pattern of the LED 17 

3 6 Far field pattern of LED in (j) direction 19 

3 7 Fai field pattern of T ED in 9 direction 19 

3 8 Inside dimensional details of coupling between LED and the fiber bundle 20 

3 9 Coupling loss effect on the frequency response of the filter (cle3 is the re 

spouse when x=3 mm, cle5 is the response when x=5 mm) 22 

3 10 Bending loss effect on filtei frequency response, loop dia=10 cm (blelO is 

the response considering the bending loss) 24 

3 11 Bending loss effect on filter frequency response, loop of dia=15 cm (blel5 is 

the response considering the bending loss) 25 

3 12 Combined frequency response of transmitter and receiver circuit 26 


VI 



3 13 Transmitter and Receiver effect on frequency response (tre is the response 

considering the transmitter and receiver effect) 27 

3 14 Expected fiber optic filter frequency response, d=10 cm and x=4 mm 27 

3 15 Expected fiber optic filter frequency response d=15 cm and x=4 mm 28 

3 16 Comparison between the experimental plot with theoietical one d=15 cm 

x=4 mm, all /ij’s^l 29 

3 17 Relative percentage error between the experimental curve and the theoretical 

curve 31 

3 18 Comparison between the experimental plot with theoretical one d=15 cm, 

x=4 mm, fi2=h4=h6=0 other h ’s=l 31 

3 19 Comparison between the experimental plot with theoretical one d=10 cm, 

x=4 mm, all h ’s=l 32 

3 20 Compaiison between the experimental plot with theoretical one, d=10 cm 

x=4 mm, fi 3 =/i =0, other /i,’s=l 32 

4 1 Block diagram of a fiber optic code generator 34 

4 2 Block diagram of a tapped delay line adaptive filter 35 

4 3 Block diagram of a fiber optic adaptive filter 35 

4 4 Block diagram of a CDMA processor 36 

4 5 Block diagram of a system using both optical data encoding and decoding 37 

4 6 Block diagram of a tapped delay line spectrum analyzer 38 


Vll 



List of Tables 


1 1 Comparison of delay line technology 2 

3 1 Far field ladiation measurement data of LED 18 

3 2 Fractional powers for diffeient values of x 21 

3 3 Values of Si foi different x 21 

3 4 Bending loss measurement for diameter of curvature = 15 cm 23 

3 5 Bending loss measurement for diametei of cuivature = 10 cm 23 

3 6 Values of 6' j 24 


viu 



Chapter 1 
Introduction 


The use of optical fibeis in different areas of science and technology is gaining incieas 
ing acceptance because of then attractive features such as large time bandwidth prod 
ucts, extremely low loss, compact light weight devices and insensitivity to interference and 
crosstalk The primary applicatron of an optical fiber rs to use rt as a signal transmission 
media m a communication system Recent advances in fiber optics technology has enabled 
us to consider it to perform a variety of signal processing and sensing operations The 
signal processing operations which are possible using optical fibers include convolution, 
correlation, code sequence generation, matrix vector multiphcation, fiequency filtering and 
many others 

1 1 Advantages of fiber optic signal processing 

In fiber optic signal processing technology, a lightwave signal is processed optically before 
its transduction to the electrical form Optoelectronic conversion contributes loss of energy, 
so all optical is an advantage This also eliminates the need for intermediate electronic 
filtering required m conventional approaches for processing lightwave signals Hence one 
can extend the speed and bandwidth capabilities to levels beyond those of the traditional 
imcroelectronic circuits which do not have the adequate speed for real time processing of 
broadband signals In table 1 1, a comparison of speeds of a few popular techniques is 
shown 

In case of optical fiber, dispeision of signal limits the attainable bandwidth Using 
step index multimode fibers, bandwidth typically m the range of a few MHz km to several 
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SI No 

Name of Scheme 

Operating frequency 

Ref 

1 

Charge coupled device 
using metal on silicon 
(MOS) technique 

Below 

10 MHz 

[1] 

2 

Acoustic wave delay 
lines 

Seveial hundred 
Megahertz 

[2] [3] 

3 

Magnetostatic wave 
devices 

2 12 GHz 

[4] 

4 

Super conducting 

Delay lines 

Approx 

20 GHz 

[5] 


Table 1 1 Comparison of delay line technology 

hundred MHz km is attainable The bandwidth is increased using graded index fibeis We 
can go for even higher bandwidth (greater than 3GHz km) by using signal mode fiber and 
operating it with a wavelength at which the dispersion is minimum 

Another advantage of using fiber is low loss The technology of preparing glass fiber 
is impioved to such an extent that even a mere loss of 0 15 dB/km (at 1 55 micrometre 
wavelength) is attainable Comparing this with the losses of other delay mediums [6], 
we see that low loss optical fibers are far superior (for fiequencies above 1 GHz) to any 
practical alternative currently available Howevei, for frequencies below 1 GHz, acoustic 
wave devices are atti active in terms of loss [7] 

1 2 Past work 

The use of optical iibei as a delay medium for signal processing applications was proposed 
by Wilner and Vanden Hauvel in 1976 [6] Since then, several ways of realizing a fiber optic 
delay line processor were proposed and implemented Two basic delay line structures used 
in fiber optic signal processing are recirculating delay line [fig 1 1] and non recirculating or 
tapped delay line [fig 1 2] The recirculating delay line consists of a loop of fiber which is 
closed upon itself with a fiber directional coupler Signals intioduced into one end of the 
delay line circulate around the loop repeatedly and produce outputs on each transit [7] 
Recirculating delay lines can be used for data rate transformations [8], uniform pulse tram 
generation [9], and fiequency filtering [10] One disadvantage of recirculating delay line 
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Figure 1 1 ReciicuKting delay Line 


OPTICAL FIBER 
DELAY LINE 



Figure I 2 Tapped delay Line 
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IS that it can not be used as a finite impulse lesponse filter (FIR) The tapped delay line 
stiuctuie consists of a fiber with taps distributed along its length Signals introduced 
into one end ire successively sampled, weighted and then summed up either by optical 
summation before detection oi by electionic summation after detection A tapped delay 
line can be fabiicated by putting a series of reflective mirrors [11] or a series of directional 
couplers [12] along the length of the fiber Implementation of tapped delay lines using 
integrated optical architectures is considered in [13] A tapped delay line can also be 
fabricated by creating a bundle of fiber strands of various lengths One way to implement 
a fiber bundle based processor is to use two integrated optic fiber couplers [fig 1 3], one as 
a sphttei at the input end and other as a combiner at the output In another approach 
[fig 1 4], the fibers aie tied up at the input end The light outputs from the individual fibers 
are detected at the same detecting area by keeping a focusing arrangement m between the 
fiber outputs and the detector This approach has the limitations in teims of maximum 
numbers of taps that can be obtained, due to the difficulties of uniformly illuminating 
and detecting light from a large number of bundled fibers Still this method is attractive 
because of its low cost and the ease with which it can be implemented 


OUTPUT COMBINER^ 



Figuie 1 3 FIR fiber filter composed of input splitter and output combiner 


r 
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In this thesis, we discuss the design of a fiber bundle based transversal filter, which can 
used as an equalizing filtei in communication system m older to combat signal distortion 
We have implemented a low pass filter with a cutoff frequency of 4 5 MHz Seven fibers 
of appiopnate lengths aie chosen and all the tap weights ate taken to be unity The 
fiequency response of the filter is calculated considering the effects of nonunifoim coupling 
of light (between souice and fibeis and between fibers and detector) and bending losses 
of fiber Coupling losses and bending losses are experimentally measured The measured 
fiequency response of ihe filter is compared with the calculated one and found to be in 
good agreement 

1 4 Overview 

The basic design of a fibei optic tiansversal filtei is discussed in chaptei 2 The causes of 
non ideal response and then effects aie considered in chapter 3 In the same chapter, the 
experimental pait is considered m detail In chapter 4 some applications of the fiber optic 
filtei based on fiber bundle approach are discussed Conclusion of the work along with 
some aspects of packaging is mentioned in chapter 5 
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Chapter 2 

Transversal Filters 


Transveisal filters ofTer a close approximation to any desired amplitude response with either 
no phase distortion at all or with a phase lesponse that varies slowly and steadily regardless 
of the amplitude response [14] A finite impulse response (FIR) filter used widely in Digital 
Signal Processing (DSP) is basically a transversal filter A transveisal filter consists of a 
senes of delay sections to which signal is fed at one end and the signal is tapped after 
each delay The lapped outputs are passed through gams and summed up to get the final 
output The schematic of the filter is shown m the figure below 



Figure 2 1 Transversal filter structure 

The above structure contains [N - 1) delay sections, each providing a delay of amount 
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r and. peifoims N multiplications and an addition Clearly the relationship between input 
x(t) and output y{t) is given by, 

JV-l 

y (0 = x{t-iT) (2 1 ) 

=0 

where, h is the tap weight and t is the delay corresponding to one delay block 


2 1 Fiber optic transversal filter 


In this project, we design a fibei optic low pass filter of bandwidth of 4 5 MHz We follow 
the bundled fiber approach Fibeis of different lengths aic used to achieve dilFeient amount 
of del lys 

'Ihc tiansveisal filler with equal tap spacuigs consists of a group of fibers cut to lengths 
I I + L I + {N — 1)L, where / is the length of the shortest fiber (also called as basic 
length), L is the length diffeience between two successive fibers and N is the total number 
of fibeis From eqn 2 1 

2/(0 = Y -to- ^r) (2 2) 

j=0 


where, 


• to =nglfc = delay corresponding to the basic length, 


• T=ngllc = delay difference, 

• Ug is refractive index of the mateiial of fiber core, and 


• c IS velocity of the light in free space 

Taking Fourier Transform of both sides of eqn 2 2, we get 


JV-l 


Y{f) - Y 


-0 


Thus, the transfer function of the filter is 

N-l 

x(f) " ..0 

So, for all /ij = 1 the magnitude response of the filter is given by 

N-i 


Hif) = VTtI = E ^ 


|V{/)| = I E 




(2 3) 


(2 4) 
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2 2 Calculation of lengths 


From eqn 2 3 we see that the frequency lesponse of the tians\eisal filtei clepc nds on thiee 
paiameters These aie, 

1 Numbei of fibeis, N 

2 Length diffeience, L 

3 weights, /i,’s 

It should be noted heie that the basic length, /, does not contiibute lo tlic magnitude 
xesponse and hence theoietically is not constiamed to an} factoi othei thin Ihf loss that is 
associated with it Foi a Rbei with loss coefficient of 3 7 dB/1 m c in choose the value 
for I to be equal to 100 cm, which can be cut with good accuiacy and at the s ime tune will 
not contiibute any significant amount of loss In oui case we haie chosen all the weights 
(Ai’s) to be unity Hence flora eqn 2 4 

I 

»=o 

= — r f \ ' (2 5 

sm( 71 fr j 

Cleaily, the maximum amplitude is N which occuis at f=7n/T ???= 0 1 The minima 


TUBE or 

DIA =1 8 mm 

FIBERS OF DIA = 0 6 m m 

Figure 2 2 Cross sectional view of the fiber bundle at the ends 
at which |i/^(/)| IS zero, are at /=n/JVr, n= 1,J^ 
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Considering the pioblem of unifoimly illuminating the hbeis and detecting then outputs 
with a single detectoi, we have selected the value of = 7 Selecting such i value of N 
has the advantage that we can position six fibers sjmmetiically riound the seventh fiber 
(cross sectional view of the arrangement is shown in fig 2 2) so that all the outei fibers 
will receive equal amount of power when the light source is Lambeitian in natuie and the 
central fiber is perfectly aligned with the source to receive the peal amount ot power 
The value of t can be determined if one specifies the tiequencj wheie the hist minima 
occurs We have tahen it to be 10 105 MHz consideiing the availability of the diner and 
receiver ciicuits So ^ = 10 105 MHz Hence 

L — cTjug 

= 282 74 cm 

[ug ==15 c = 3 X 10® m/sec] 

Hence the lengths of the fibers aie 1 ra 3 83 m 6 66 m 9 19 m 12 32 nr li 15 m and 



Figure 2 3 Ideal frequency response of the fiber optic filtei 


17 98 m 

The plot of the imagnitude response, taking the above value of r ¥ = 7 and all h's=l 
IS shown m the attached graph (fig 2 3) The 3 clB passband width is 4 5 MHz 
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Chapter 3 

Experiment And Discussions 


111 this chdptci we discuss the details of the experiment to measuie the frequency response 
of the fiber optic Iransvcrsal filtei we designed m chapter 2 The perturbing factors like 
non uniform coupling of light into the fibers in the bundle, bending loss and fiber loss 
bandwidth limitations of the driver and leceiver ciicuits are considered to obtain the ex 
pected frequency response of the filtei We will discuss the experiment and the result 
obtained 

3 1 Experimental set up 

The devices/mstruments we have used to perform the expeiiment are, 

1 FM/AM signal generator, 

2 Oscilloscope, 

3 Analog LED diivei module, 

4 Fiber optic analog receivei module, 

5 Fibei bundle based transversal filter 

The block diagram of the set up is as shown m fig 3 1 

The FM/AM generatoi used is made by KIKUSUI (Model No KSG4 300) It covers 
the frequency lange from 10 KHz to 280 MHz It generates highly stable signal with the 
resolution of 100 Hz The signal generator feeds an analog fiber optic transmitter In 
the analog transrmtter circuit, the light output of a LED (Part no MFOE71, fig 3 2) is 
intensity modulated The wavelength of the light emitted by the LED is typically 820 nm 
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FM/AM 

^ 

Transm 


LED 




Generator 


Circuit 



^ 









CRO 


Receiver 



Detector 


Fiber 



Circuit 


^ 

Bundle 

^ 1 


Figuie 3 1 Expeiimental set up for measuring the frequency response of the fiber optic 
transversal hltei 

and the bandwidth is approximately 100 MHz LED is chosen as a light source since this 
IS reasonably linear, thus genciating light output that is almost linearly proportional to 
the diive curient passing through it The responsivity of the photodetector (MFOD 71) 



1 2 


Figuie 3 2 Light emitting diode, model MFOE71 

that we used is typically 0 2 /jiA/^W at 820 nm wavelength 

In the receiver module, transimpedence type configuration is chosen for the preamplifier 
stage This design yields both low noise and a large dynamic range The amplifier band 
width can be sufhciently increased to minimize distortion, and to do away with equalizer 
which IS needed for high input impedence type front end The postamplifier used here 
consists of a integrated circuit differential video amplifier LM733 The transimtter and 
the receiver modules were developed earlier in our laboratory to use them in a fiber optic 
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analog link [15] 

The oscilloscope is of bandwidth 40 MHz and made by KIKUSUI (Model No DSS 
5040) 

3 2 Fiber bundle preparation 

Seven pieces of fiber of lengths 1 m 3 83 m, 6 66 m, 9 49 m, 12 32 m, 15 15 m, and 17 98 m 
are cut fiom the spool A solid cylinder with a diameter of 15 cm is taken Other than 
the first fiber all fibers are wrapped on the cylinder With this choice of the cyhnder 
dimension, the i th fibei needs to be wrapped to make 6(i 1) complete turns after which 
100 cm of its length will be left out The fibeis aie wound in a manner such that no two 
fibers overlap each othei The total no of loops is thus, 

7 

^6(i-l) = 126 

j=i 

The height of the cyhndei must be at least 126 x 0 6 = 75 6 mm as fiber diameter (with 
jacket) IS 0 6 mm The end faces of each of the libers are prepared as follows 

1 The sheathing of the fiber is exposed by stripping the plastic jacket by an amount 
of 8 cm 

2 The exposed fibei is rubbed with a tissue paper with propanol until the glass is 
completely cleaned fiom plastic 

1 the exposed hbei is scribed with a fibei cleaver at a distance of 7 cm from the 
end 

4 The fiber is aiced in the opposite direction from the scribe mark At the same 
time the fibei is pulled till it breaks 

Ends of the fibers are tied up by using plastic tube of length 1 2 cm and of diameter 
1 8 mm The longest fiber is carefully positioned so that it remains at the central position 
of the bundle 

The same procedure is followed to prepare another bundle on a cyhnder of diameter 
10 cm In this case the i th fiber needs to be wrapped by 9(i 1) complete loops and hence 
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the rmnimum value of the cylinder height should be 

7 

(X] ~ 1)) X 0 6 = 113 4 mm 

1=1 

3 3 Causes of non-ideal response and their effects 

Refeiring to fig 3 1, the frec[uency response of the fiber optic filter is given by 

(3 1) 

wheie 

• I^iU) liequency response of the fiber bundle including the coupling effect boT J 

lo j 1 ftJsi? I C 

• th{f) IS the frequency response of the combined transmitter and receiver, 

• Ih{I) IS the combined frequency response of the LED and Photodiode 

• Ha{J) is the combined frequency response of the FM/AM generator and CRO 

The frequency response of the filter which was shown earlier in fig 2 3 is not practically 
achievable, because of the following factors These are, 

1 Non uniform coupling of light into fibers, 

2 Bending loss, 

3 Fiber loss, 

4 Bandwidth limitations of the transmitter and receiver circuits, 

5 Bandwidth limitations of the LED and Detector, 

6 Bandwidth limitations of the measuring and testing instruments 

Item 5 in the above list does not contribute to the frequency response of filter as the 
LED and the photodiode can be used upto 100 MHz, whereas oui filter is designed to 
have a cutoff frequency of 10 MHz Item 6, too, does not have any effect on the filter 
performance as the FM/AM generator can deliver stable oscillation upto 280 MHz and the 
oscilloscope, being used, has a bandwidth of 40 MHz 
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The transmittei and the receiver do not have constant frequency response in the range 
of fiequency from d c to 10 MHz and thus can affect the oveiall fiequency response of the 
filter 

To include the effects of the first three items in the above list, we can modify the 
tiansfei function in eqn 2 3 in the following way, 

(3 2) 

=0 

wheie, S lepresents the perturbation in the filter coefficients We can considei S to he 
composed of three parts These aie 6,c, 6tj and 8 ^ arising from the non uniform coupling, 
fibei losses and bending losses icspectively We will now considei these effects in tuin 


/ 



Figure 3 3 Spheiical coordinate system 


3 3 1 Non-uniform coupling effect 

To achieve the ideal response of the filter, all the fibers in the fiber bundle delay line 
should be provided with equal amount of light power Distiibutmg the LED ontput power 
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unifoinily among the fibeis is a difhcult task Paiticulailj in oiii case as we did not use any 
inteimediate optics to collimate the LED light all the fibeis do not lecene same amount 
of powei 

To deteimine the optical powei accepting capability of a fibei the spatial ladiation 
pattern of the LED must fust be known Let us look at fig 3 3 which shows a spherical 
cooidmate system chaiacteiized by r, 6 and (f> The ladiance of LED mu lae i lunction of 
both 0 and (j) The emission pattern of a LED follows the relationship [lb] 

-6(0) = 5(0) cos 0 (3 3) 

and 


B{(j)) = 5(0)cos”(?i (3 1) 

For the LED that we have used, the values of m and n aic not ai ailable in the catalog 
We have expeiiment illy measured the fai field pattern of the LED using the set up shown 
in fig 3 5 The LED is mounted on a lannted ciicuit board (PCB) This P( B is fixed on 
the optical bench using a holdei LED is diiven h\ a constant cmient of appioximately 
30 ma The cuiicnt is obtained (fig 3 4) by shoiting all the inputs of a N VND gate to 
ground and connecting the high output of the NAND gate to the LCD thiough i resistance 
of 100 Cl With the help of another holder the detector is positioned on the optical bench at 
a distance of 12 cm fiom the LED The detector is connected in senes with a lesisiance of 


100 Kfl and the voltage across the resistance is measured wuth a digital multimeter whose 
accuracy is 0 1 percent Tire literal, vertical and rotational knobs of the LED holder are 
adjusted to get the maximum output fiom the detector The LED is now lotated with 
respect to the detector both in clod wise and anti clod wise diiection and the detector 
output voltage is noted down (table 3 1) To obtain the radiation pattern in 0 direction, 
the PCB containing the Le!d is rotated by 90 degree with respect to its initial position and 
the experiment is repeated The readings (normalized) are shown in table 3 J To find out 
the values for m and ?r, we have taken polar plots of eepr 3 3 and 3 4 for differ ent lalues of 
m and n The experimental data are also plotted and found to be closelj m itching with 


the patterns obtained by using, 
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Figuic 3 4 Diivei circuit of the LED to measure the far field pattern 

and 

= 

In fig 3 6 we h xve plotted the expeiimental fax field pattern of the LED in the (j) direction, 
as well as the theoretical pattern foi m = 50 They are seen to be matching very closely 
to each othoi In fig 3 7, the expeiimental far field pattern in 9 direction is compared with 
the thcoictical one with n = 50 and once again they are very closely matched 

Wc have Louncl here thiough oui experiment of measuring far field pattern, the source 
ladiatioii pattern is symmetiic m nature as the values for m and n are equal Hence, if 
the ccntial fibci of the bundle is perfectly aligned so that it receives the peak amount of 
powei, the other fibers, being symmetrically positioned with respect to the central fiber 
will leceive equ il amount of power among themselves The fractional power that the outer 
fibeis icccivc can be calculated by using eqn 3 3, eqn 3 4, and by measuring the distance in 
between the LED and the fibei bundle endface and the distance between the cores of two 
adjacent fibers In fig 3 8, the dimensional details of the coupling between LED and the 
fibei bundle is shown The distance between LED and the fiber bundle endface is taken to 


m 

H(0) 
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Adjustable sciow 

Fi^uie 3 5 Experimental set ui? foi measuimg the far field pattern of the LED 

I 
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SI No 1 

Aiagle 

Relative Intensity 

Relative Inten&iU 


in Degiec 

m <j) Diiection 

in $ Diieclion 

i 

90 to 35 

0 105 

0 138 

2 

30 

0 108 

0 138 

3 

25 

0 no 

0 140 

4 

20 

0 124 

0 171 

5 

lb 

0 145 

0 206 

6 

16 

0 174 

0 248 

7 

14 

0 220 

0 276 

8 

12 

0 253 

0 34b 

Q 

10 

0 367 

0 515 

10 

9 

0 524 

0 580 

IJ 

b 

0 618 

0 610 

12 

7 

0 695 

0 680 

13 

6 

0 761 

0 779 

14 

5 

0 825 

0 828 

15 

4 

0 881 

0 881 

16 

3 

0 925 

0 911 

17 

2 

0 944 

0 971 

Jb 

1 

0 983 

0 997 

19 

0 

1 

1 

20 

1 

0 980 

0 984 

21 

2 

0 943 

0 969 

22 

3 

0 923 

0 938 

23 

4 

0 881 

0 877 

24 

5 

0 824 

0 812 

25 

6 

0 761 

0 719 

26 

7 

0 690 

0 682 

27 

8 

0 609 

0 621 

28 

9 

0 511 

0 57b 

29 

10 

0 360 

0 510 

30 

12 

0 250 

0 349 

31 

14 

0 219 

0 278 

32 

16 

0 179 

0 249 

33 

18 

0 142 

0 214 

34 

20 

0 120 

0 172 

35 

25 

0 107 

0 140 

36 

30 to 90 

0 105 

J m 


lable 3 1 Fai field iichation measuiement data of LED 
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Figuic 3 6 Fax field pattern of LED in ^ direction 



Figure 3 7 Fax field pattern of LED m 9 direction 
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bundle 



be ^ Ihe coic lo coic distance of two adjacent fibers is shown as h and it is measured to 
be 0 6 mm We have consideied three different values for x, which are 3 mm, 4 mm and 
5 mm Beyond o nun, the distance between the LED and the fiber bundle might be too 
large to couple suflicicnt amount of light to fibers For distances less than 3 mm, outer 
libers will receive much less amount of power with respect to the central fiber and hence, 
the non unifoimity effect will be too high The fractional power f{h s], is given by 

f{h, x) = cos (3 5 ) 

Wc used equ it ion 3 5 to obt un the table 3 2, where the values of the fiactional power is 
shown foi thuc diffdcut vilues of r 


Dist nice, X 

fractional power 

3 mm 

0 3751 

4 mm 

0 5734 

h mm 

0 6995 


1 iblc 3 2 Fractional powers for different values of x 

When wc u( ( oiisidcung the effect of non umtoim illumination alone on the frequency 
response of the filter, 6^ m oqn 3 2 becomes equal to Sic Weights get modified because 
of the peituibitiou teriii S^c m i way such that for i=\ to 6 , d c + 1 = f{h x), and for 
1 = 7 , I 1 = 1 , (onsideting ill h, s to be 1 as in our case study With the help of 
table 3 2, we can for in t ible 3 3, which shows the values for S^^ for different values of 
X In fig 3 9 , we show (he e fleet of non uniform coupling on the frequency response of 


Distancc,x 

i=l to 6 

^10 z-“7 

3 mm 

0 5249 

0 

4 mm 

0 4266 

0 

5 inm 

0 3005 

0 


Ti iblc 3 3 Values of S,c for different x 

the filter I he tiequcncy response coriespondmg to x=5 mm deviates less from the ideal 
frequency 1 espouse than the frequency response corresponding to x=3 mm We see that 
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Figinc ^ 9 (‘ouplui^, loss ( ffecl on the fuquency response of the filter (cle3 is the response 
wlicn x=l itnn, < Ufi is llu u spouse when x=5 mm) 

ficqucncy lesponsc ( oiisidcniig non uniioim coupling effect has greater sidelobe than the 
ideal ficciudicy tc spouse 

3 3 2 Bending loss and fiber attenuation effect 

As Ihc fibcis cuc wicippcd on a cyhndiical dium by different amounts, the bending loss 
will b( diffc T( nl Uom (ibc i to fibc i Moicovei, due to then differences in length, the signals 
will tindcigo dilh toil amount of losses when piopagating through the fibers 

Bending loss 

lUdntivi lossis occiu whemvet an optical fiber undeigoes a bend of a finite radius of 
cuivfiuu In multimode fiber, since higher older modes are hound less tightly [16] to the 
fiber coic than the lowci older modes, the higher older modes will radiate out of the fiber 
fust lliough the uunibei of modes that aie guided by a curved fiber can be found [17], 
unless flic somcc e xcitat ion field is known explicitly, this can not be applied to find out the 
bending loss Because of this limitation in using the formula mentioned m [17], we prefer 
to mcasuie ihc bending loss Ihe experimental set up used is same as that mentioned m 
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the CISC of source output patlcui measiucment m the previous sectron Howexer in this 
case one J8 m long fiber is connected in betxxeen the LED and photodiode ihis fiber 
is wrapped on a cylindricd drum of diameter 15 cm for 6iV turns {N is an integei) and 
the detected output is mcrsuied and compared with the output obtained xxhen theie was 
no turn The icbult of bendrng loss measrneinent is shown in table 3 4 The experiment 
IS repeated by taking the cylinder of diameter 10 cm and m this case the number of 


No of loops 

PoJPn 

0 

1 

6 

0 998 

12 

0 997 

18 

0 997 

21 

0 995 

30 

0 994 

36 

0 991 


iabh 3 4 Dcudmg loss measurement for diameter of cuixatuie = 15 cm 


No ol loops 

PvlIP 

0 

J 

9 

0 991 

18 

0 986 

27 

0 983 

36 

0 981 

45 

0 980 

54 

0 980 


J abk 3 5 13< mliug loss me rsuiement for diameter of cuixatuie = 10 cm 

turns were multiples of 9 The bending loss data loi 10 cm case arc sIioxmi in table 3 5 
Comparing the bending loss entries lor 18 and 36 loops in tables 3 1 and 3 5 v\e see that 
losses lor diameter of 10 em is more than those for 15 cm diametei Also the i Lli fiber 
wrapped on a cylinder of 10 cm diametei suffers from larger bendrng loss then when it is 
wrapped on a cylinder of 15 cm diameter The particular choices of cylinder dimension are 
taken, as wo have implemented the fiber optic filter using these dimensions 

To consider the efTccl of bending loss alone on the hequency response of the filter 5, 
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Figuie 3 6 Far field pattern of LED m 4 > direction 



Figure 3 7 Far field pattern of LED in 6 direction 
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Tube containing fibies 



/ 



Figure 3 8 Inside dimensional details of coupbng between LED and the fiber bundle 
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be T Tlie core to coie distance of two adjacent fibers is shown as h and it is measured to 
be 0 6 mm Wc have considered thiee different values for a;, which are 3 mm 4 mm and 
5 miT) Beyond 5 mm the distance between the LED and the fiber bundle might be too 
large to couple sufficient amount of light to fibers For distances less than 3 mm, outer 
fibers will receive much less amount of power with respect to the central fiber and hence, 
the non unifoimity effect will be too high The fractional power f{h,x) is given by 

f{h^x) = cos^^[tan''^{—)] (3 5) 

We used equation 3 5 to obtain the table 3 2, where the values of the fractional power is 
shown foi thiee difleient values of x 


Distance, x 

fractional power 

3 min 

0 3751 

4 mm 

0 5734 

5 mm 

0 6995 


Table 3 2 rractional powers for different values of x 

When wc are considering the effect of non uniform illumination alone on the frequency 
response of the filter, 5, in eqn 3 2 becomes equal to Stc Weights get modified because 
of the pertuibalion term way such that for z=l to 6 6 + 1 = /(fi, as), and for 

1=7, + f = 1, considering all fi,’s to be 1 as in our case study With the help of 

t iblo 3 2, we can form table 3 3, which shows the values foi d,c for different values of 

X In fig 3 9, wc show the effect of non uniform coupling on the frequency response of 


Distance, X 

8t , i—\ to 6 

»=7 

3 mm 

0 5249 

0 

4 mm 

0 4266 

0 

5 mm 

0 3005 

0 


Table 3 3 Values of fi.o for different x 

the filter The frequency response corresponding to x=5 mm deviates less from the ideal 
frequency response than the frequency response corresponding to x=3 mm We see that 
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Figuic 3 9 Coupling loss effect on the frequency response of the filter (cle3 is the response 
when x=3 mm, cle5 is the response when x=5 mm) 

frequency response considering non uniform coupling effect has greater sidelobe than the 
ideal frequency response 

3 3 2 Bending loss and fiber attenuation effect 

As the fibers are wiapped on a cylindrical drum by different amounts, the bending loss 
will be different from fiber to fiber Moreover, due to their differences in length, the signals 
will undergo diffcienl amount of losses when propagating through the fibers 

Bending loss 

Radiative losses occur whenever an optical fiber undergoes a bend of a finite radius of 
curvature In multimode fiber, since higher order modes are bound less tightly [16] to the 
fiber core than the lower order modes, the higher order modes will radiate out of the fiber 
first riiough the number of modes that are guided by a curved fiber can be found [17] 
unless the source excitation field is known explicitly, this can not be applied to find out the 
bending loss Because of this limitation in using the formula mentioned in [17], we prefer 
to measure tire bending loss The experimental set up used is same as that mentioned m 
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the case of source output pattern measuiement in the previous section Houcrei in this 
case one 18 m long fiber is connected in between the LED and photodioch This fibei 
IS wrapped on a cylmdiicnl drum of diameter 15 cm for QN turns {N is an integer) and 
the detected output is measured and compared with the output obtained uhrn there was 
no turn The result of bending loss measuiement is shown nr table 3 4 Tin experiment 
is repeated by taking the cylinder of diameter 10 cm and in this case the number of 


No of loops 

P ut! P n 

0 

1 

6 

0 998 

12 

0 997 

18 

0 997 

24 

0 995 

30 

0 994 

36 

0 991 


Table 3 4 Bending loss measuiement for diameter of cuiraturc = lb cm 


No ol loops 

PoitIPn 

0 

1 

9 

0 991 

18 

0 986 

27 

0 983 

36 

0 981 

45 

0 980 

54 

0 980 


Table 3 5 Bending loss measurement for diameter of cuiratuie — 10 cm 

turns were multiples of 9 The bending loss data lor 10 cm case are shown in table 3 5 
Comparing the bending loss entires for 18 and 36 loops in tables 3 4 and 3 i we see that 
losses for diameter of 10 cm is moie than those foi 15 cm diametei A.Ko llie i ih fiber 
wrapped on a cylinder of 10 cm diametei suffers from larger bending loss then when it is 
wrapped on a cylinder of 15 cm diametei The paiticulai choices of cylindei dimension aie 
taken, as we have implemented the fiber optic filter using these dimensions 

To consider the effect of bending loss alone on the licquency response of the filter 
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in eqn 3 1 will be equal to 6 1 Weights get modified because of the peituibation teim S b 
in a way such thal + 1 = P t/Pn Values of S,b foi i = 1 to 7 'iiicl ioi In nd diameteis 
10 and lo cm aie shown in table 3 6 Bending loss effect on the liequeuc\ i espouse of 


1 

S,b foi 

loop dia=15 cm 

loop dia=:10 cm 

1 

0 

0 

2 

0 002 

0 010 

3 

0 003 

0 014 

4 

0 003 

0 017 

5 

0 005 

0019 

6 

0 007 

0 020 

7 

0 006 

0 020 


Table 3 6 Values of ^ 


the filtei IS shown in hg 3 10 which is foi bend diainetei = 10 cm and m hg 111 foi bend 
diametei = 15 cm Wc see fiom table 3 6 and figuies 3 10 and 3 11 that laige bends ol 15 
or 10 cm diametei cause no significant change in the fiequency lesponse of the filtei 


\mf)\ 

dB) 



Figure 3 10 Bending loss effect on filtei fiequency lesponse, loop dia=10 cm (blelO is the 
response considering the bending loss) 
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un/)i 

(dB) 



Figiiic 3 li Bonding loss effect on iiltei Irequency response, loop of dia=15 cm (blel5 is 
the response consideiing the bending loss) 

3 3 3 Attenuations of signal due to fiber loss 

llic hbcis, wc used lieie, has an attenuation coefficients of 3 7 dB/km at 820 nm of 
wavelength Wiih this coefficient, the loss for the i th fiber of length (283 j - 183) cm 

IS 

(2 83^ - 1 83) X (3 7 x 10-^) 

Using thei cxpicssion of fibei loss as given above, losses for all the 7 fibers are calculated 
and the weights ol the filte is aie modified accoiding to equation 3 2 When only fiber loss 
IS t xken into account we get, 

d, = S; 

_ j^Q[(3 83t-183)x(3rxl0-3)] _ ^ (3 6) 

which is negligible 

3 3 4 Transmittor and Receiver circuits bandwidth limitations 

The fiequency response of the LED driver circuit and the receiver circuit is measured to 
gather The transmitter circuit is driven by sinusoidal signals of varying frequency between 
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500 KII/ to 10 MIIz The receivei output is measured with the help of a CRO The link 
between the I ED and ihc detector is a plastic fiber of length 100 cm The frequency re 
spouse 7/2 ( f) combined tiansmittei and the receiver circuit is shown in the fig 3 12 

and the 1 dB ciitoir fiequency is found to be 8 4 MHz As the response is not constant 
thioughout the lange upto 10 MHz, the transmitter and the receiver circuit affects the fre 



0 1 2 3 4 5 6 7 8 9 10 

Fceq (MHz) 


Figure 3 12 Combined frequency response of transmitter and receiver circuit 

qiiency u spouse of one fiber optic lowpass filter This effect is shown m fig 3 13 and we see 
that it ciltcis the filter frequency response by a significant amount 3 dB bandwidth of the 
frequency response considering the transmitter and receiver circuit bandwidth limitations 
IS seen to be changed to 4 2 MHz from 4 5 MHz for ideal frequency response These two 
liequcncy icsponses differ by a maximum amount of 5 98 dB at frequency 10 MHz After 
examining the cflccts of non uniform illumination, bending loss, fiber attenuation and the 
bandwidth limitations of the transmitter and receiver circuits individually on the frequency 
response of the filter, we have combined them all The coefficients of the ideal filters are 
modified according to eqn 3 2 to consider the effects of non uniform illumination, bending 
loss and fiber loss The transfer function of the filter obtained is then multiphed with the 
transfer function H^if) The resulting filter frequency response is shown m fig 3 14 and 
in 3 15 In fig 3 14, we have considered the case when the loop diameter is 10 cm and the 


26 




(clB) 



Figuic i H li insmitiei incl Receiver effect on frequency response (tre is the response 
consiclcnng the tiansmittei and leceivei effect) 


\nin\ 

(dB) 



Figure 3 14 Expected fiber optic filter frequency response, d=10 cm and x=4 mm 
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Fiequcncy (Mil?) 

Piguie 3 15 Cxpeclcd fibci optic filtei frequency le&ponse d=15 cm uid \=4 mm 

distance between the hbci bundle ind the LED, is 4 mm wheiens m fig 3 15 the diameter 
IS changed to be 15 cm Both the lesponses show a chiTeience fiom the ideal fiequency 
lesponse 

3 4 Experimental Results 

The experiment is done m two paits, one foi the loop dnmetei of 15 cm and another for 
10 cm 

In the hist part ol the cxpciimcnt, altogethei seven sets of leadings aie lal en In hist 
thiee sets, the filtci is tested foi three diffeicnt values of \, the distance bet\\( rn the light 
emitting diode and the coiiesponding fibei uidface In hg 3 16 the expenmentil data 
for x=4 mm is plotted and compaied with the coiiesponding fiequencr, i espouse of the 
hltei considering all the perturbing factors Experimental curve is close to the theoretical 
cuive The other two mcasuiements me taken by varying the distance between the LED 
and the fiber bundle endface In one case, it is 3 mm and m another it is 1 nun The 
results obtained match closely in both the cases and relative percentage error was always 
less than 20 percent In last four measurements, we hare implemented the idea of making 
some of the weights equal to zero, thereby changing the filtei It is dccomplishecl by laullmg 
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Figure 3 L6 Compauboii hclwcen ilie c\peiimenlil plot uith piechctecl one d=15 cm 
x=4 mm, ill 

out the lespcctivc fibei oi fibeis liom the bundle it the detectoi side hence bj. blocking 
the coricspondmg light output fiom leiching to the detectoi To maintain the rigidity of 
the bundle, smill pieces of hbei (appioximately of 2 cm length) is substituted in place of 
the oiigmal fibei The expciiment is lepeited by bloclmg the second fibci louith fibei 
sixth and second, louith ind sixth fibeis togethei The expeiimentil data aie compaied 
with the actual values and they ne imtclimg closelj One cune is shoun in fig 3 lb where 
wc have mcasuied the ficqucncy lesponse ol the liltei liy taking out tliiee fibers ( fiber 
no 2, 4, and 6) fiom the bundle Fhc othei thiee measuiements aie taken b> blocking 
the 2nd, 4th, and Ihc 6tli fiber one at a time and the expeunient'il lesults are matching 
satisfictoiily with the theoretical results 

The second pait ol the expeiiment with a loop diametci of 10 cm is done m the snneway 
as desciibed earhci foi 15 cm loop, with the difference that nr this cisc we hare blocked the 
fiber 3 , fiber 5, and fibeis 3 and 5 togethei The lesults aie shoun for two measuiements 
In fig 3 19, the distance between the fibei bundle and the LED is 1 ept at 1 mm The 
experimental curve is very close to the theoretical one, as evident m the fig 1 19 Fig 3 20 
shows the comparison between the experimental fiecpiency response when 3 id 
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(clB) 



Figuie 3 17 Compuisoia between the expeiimentnl plot with piechcted one cl 
x=4 mm, /i2=/i(=/ic=0, othci h ’s=l 



Figure 3 18 Compaiison between the expeumental plot with piechcted one cl 
x=4 mm, all /i,’s=l 


15 cm 


10 cm, 
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Figiue 3 19 Compuison bclwccu the expciimcntnl plot with piedictccl oiu d=iO cm 
x=4 mm, /ij=/i.5=0, othoi /)i’s=l 

fibeis aic not thcio in the bundle 

The cxp< umcniil i< suits show tbit the it ib possible to lealize i hbei optic filtei using 
the simple appioicli ol fibci bundle techniciue The closeness ol the expenmental liequency 
response with the expected one confiims the validity of the nieasuiemc nts tal en in coniiec 
tion with the LED i idntion pittein, bending loss uicl the tiansmittei uccnei liequency 
lesponse and also the validity of the subsecpient discussion wheie these effects aie taken 
into account to obtain the expected ficciuency lesponse of the filtei in hgines 3 14 and 
3 15 
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Chapter 4 

Applications of fiber-optic tapped 
delay line devices 


A Iihd opiK ( vpp( d (l< 1 \y line device e in be used is a building block in several signal 
pioeessmg iie vs Some o( (lie applintions of (he fiber bundle tapped delay line are code 
gcnci ition, cone Id 1011 mcl inatclicd filtcimg, adaptive filtering and equalization, spread 
spccliuin C^DMA, s[)ccti d analysis of ladio fiequency signals, filtering with non uniform 
tip sp xc mg c i 0 I Ik sc ipplic itions aie discussed biiefly in the following sections 

4 1 Code generation and matched filtering applica- 
tion 

The fiboi optic ( ippcd delay Imc can be used for code generation [ 7 ] by using a configuiation 
shown 111 fig 4 1 An opt ical pulse x{l) is injected into the device and a transmission mask 
IS mscitcd so (lilt uidividual tip outputs can be weighted by spatial filtering The lens 
collects the ttfUisirutte cl tap light and images it onto a single photodetector The output 
of the photocletcclor eonsists of a senes of pulses whose timing coiresponds to the length 
cliiTerence of the fibers in the bundle By discretely weighting the taps with zeros and 
ones (i c , blocking or tiansmitting the tap light at the image plane), the delay line can 
be used to general e any desiied on off code at Gbit/s rates The code generator can 
be made programmable using an electronically programmable liquid crystal array as the 
transmission mask 

This tapped delay line can also be used as a matched filter, where the transmission 
mask represents a reference code or sampled analog signal When digital or analog optical 
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Fi^uic 4 i Block diagiam of a fibei optic code generator 

signal IS insciicd into ilio fibei, the output of the photo detector is the convolution of the 
propagating inpul signal with the fixed reference If the input signal matches the reference, 
a stiong coiiclation peak is obseived The design fox both the code generator and the 
mat died lilfei can be scaled foi highei frequency by decreasing the length difference 

4 2 Fiber optic adaptive filters and equalizers 

An adaptive piocessoi has the ability to seh optimize by continually monitoring its per 
foimancc and updating its parameteis A general form of the tapped delay line adaptive 
filter oj equalizer is shown in fig 4 2 The estimated signal is subtracted from the desired 
i( spouse and the residual signal is fed back to control the tap weights An adaptive filter 
using 1( isf mean square algorithm for adjusting the weights is discussed in [19] In fig 4 3, 
a Eber optic adaptive filler /equalizer using a bundle type fiber optic tapped delay line is 
shown Ihe signal i(i) is divided equally in the 2N fiber stiands for obtaining two sets 
of delayed samples Xn For each element of Xn there are two strands of fibers of equal 
length One half of the SLM mask is written with the values of the weight Wn, and the 
other half stores the error signal The vector multiphcations are carried out as soon 
as light from the strands passes through the mask pixels and is collected by the detectors 
The analysis for the convergence or learning characteristics of the adaptive filtering process 
as a function of the filter parameteis and the fiber optic hardware errors are given in ref 
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riguie 4 2 Block diagram of a lapped delay line adaptive filter [Rf 1 19] 



Figure 4 3 Block diagram of a fiber optic adaptive filter [Ref IJ] 
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20 Tlie 111 X 11 ] advxiitdge of fibci optic adaptive filters is the possibility of directly using 
them in the pioccssiiig of the lightwave signals m optical communication network 

4 3 Spread spectrum fiber optic local area network 
using optical processing 

Spread speetium code division multiple access (CDMA) allows asynchronous multiple ac 
ccss to a local aiea network (LAN) with no waiting The additional bandwidth required 
by spicnd spcctium can be accommodated by using a fibei optic channel and optical sig 
iial piocissmg A typicil CDMA system using delay line signal processing is shown in 
fig 4 4 [21] I he tiaiisirnttcd datx is encoded by the code generator The coded data is 
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I iguie 4 4 Block diagram of a CDMA processor [Ref 21] 

injected into a fibei using a laser diode At the receiver the incoming signal is split The 
optical correlatoi then selectively delays the signals before lecombining them This pio 
cessed signal impinges on an photodetcctor The threshold detector checks the presence of 
the auto con elation peak 

To take full advantage of the speed of optical processing it might be desirable to obtain 
all optical processor like one depicted in fig 4 5 A modelocked laser produces a low duty 
cycle, high intensity pulse stream at the data rate This sequence of pulses is modulated by 
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1 itjUU ''I 5 Block (ti »gi un o( i syslcin uMiig boili optical data encodmg and decoding 

[Rcf2i] 

m opt u il g d t , sue ]| IS i dll c c t ion il couplci switch, which was diiven by the information 
wxvcloi in Using o[)i ical libc i del ly lines, each shoit lasei pnlse generates the appropriate 
code sccuKucc At (he ic ccivci, couch! ion is pei formed by optical fibei delay lines in the 
way cl( sc i ibc cl cailu t In oi cki to lediirc (he bandwidth lequnements of the detector, the 
nauow antocoucl ition peak is used to tiiggei a bistable or a monostable optical switch, 
which decay tunc ecpial to the bit width The slowly decaying signal is detected and 
pioccsscd it the rite ol the original data 

4 4 Spectral analysis of radio- frequency signals 

Spe c tial incasiiic me nt of n mow band optical signals can be done using a tapped delay line 
scheme lempoial vauations ot an input signal are linearly converted into spatio tempoial 
vanations acioss a cohuent aiiay of optical radiators via a tapped delay line waveguiding 
structure Ihc diffraction pattern resulting from the field emitted by this array will exhibit 
frequency dependent regions of constructive interference The waveguiding structure shown 
in fig 4 6 converts an input optical field into an array of outputs representing time delayed 
versions of the input, the delay time being pioportional to the position Xi, along the array, 
at 2^=0 Such a device would permit the spectral analysis of very fast quasi monochromatic 
optical signals in real time without scanning [22] 
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I if^mc 4 () 


Hlo( k diA},i un ol 1 1 ippecl delay line spectium analyzer [Ref 22] 


J 


4 5 Transversal filter realization with non-uniform 
tap spacings 


UsiJigtiu (ibd opiK i ipp( (I dchy liiK , om can realize a tiansveisal filter wath non uniiorm 
lap spacings 1 lu non uniloiiniiy lu ilio sliuclme may decrease the numbei of taps and 
he net (lu (osl foi (lu sum luqiuncy ic spouse specifications Fuithei by exploiting the 
non uuiloinuly in (lu ti nisvtisil fiKc'i sliuctuie wecaniealizefibei optic transversal filter 
with only posilivc (ap wciglils, wlticli will lemove the diflSculty of optically realizing the 
negalivc t ip wc ighls 
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Chapter 5 
Conclusions 


Wc hav( (onsi(l(i((l llu (l(si^ii ol \ filxi optic tipped delay line transversal filter The 
(iKci IS lihiK dcd followmj^ (ilxi Imudk appioicli uid the (lequency response of the filter 
IS nu ismcd lii such i u di/ilioii, issues like non unifonn coupling of light among fibers 
bending loss, (iln i loss uul baiidwidlh limitations of tiansmitter and leceivei ciicuits 
die unpot I ml Wc hive (onstdcicd ill these issues in details and obtained the expected 
hcqucncy u s[)ous( of I lu (ilU i Win u incasuied experimentally, the measured frequency 
response was louud (o be in at clung closely to the theoieti cal response 

(knisidc ting I he jx 1 1 tubing c lie cl s is in section 3 2, we have seen that the effect of non 
umfoim coupling and bandwidth limitations of transmitter and receiver circuits are much 
moic scveic Ihui the effect ot bctidnig and hber losses One should choose a transmitter 
lud icccivci willi sullicicnlly high bandwidth Bending loss is also related with the issue 
ol |)dckcigmg o( (lu filk i 

lo make a com pad package, one needs to bend the fibers with a smaller radius of 
curvature and m I hat case bending loss becomes more To deal with the specific case of 
out teah/altoii, when llie chainclet of bend was 15 cm, we needed to make 126 loops to 
accomraodalc all (he fibcis 1 lie lequued height of the cyhndei on which the fibers are 
wrapped is aioirnd 80 mm So the icquircd width and height of the box is atleast 15 cm 
and 80 ram tc&pcc lively Jhc lengih of the box depends on the length of the shortest 
fiber By icclucurg the loop character one can reduce the width of the box, but in that case 
bending loss will be more We measured the bending loss for a loop of diameter 5 cm and 
It was approximately 6 clB more than the bending loss for a loop of diameter 15 cm It is 
upto the user to make a suitable compromise between the box dimension and the bending 
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loss 

The bending loss, fibei loss and the non uniform coupling of light into the fibers change 
the tap weights of the filter But one can exploit these effects to restore the original tap 
wcighi values in the following way Instead of keeping all the fibers at the same plane in 
the LED side in which all the fibeis aie separated by the same amount from the source 
we can place them with varying distances from the source Fixing the longest fiber at the 
central position in the bundle acts m lestoring the original values of the tap weights The 
central fiber being the longest one, introduces the maximum amount of bending and fiber 
losses On the other hand, because of its specific position in the bundle it leceives more 
light power from the souice These two things act against each other and nullify the effect 
of the non uniform coupling to some extent 

Our work c an be extended in the direction of achieving tap weights other than zero and 
one For that, the fibers can not be tied up in the detector side like what we have done 
m our case Ihe fibers should be spatially distributed and a focussing lens is needed to 
locus the mdividu d lights from the fiber at the detecting area Even when all the weights 
are binary, but the number of fibers in the bundle is large, one may need to focus the 
individual lights from the fibeis Otherwise, to collect the light from all the fibers at the 
same detecting area, detector with largei area is needed and such a detector will restrict 
the bandwidth of the system 

Lastly, exiension of this idea of fibei bundle based filter to the realization a filter with 
non nnifoim lap spacing is very straight foiward As we mentioned in Chapter 4 non 
unifoim tap spacing lequires lesser number of taps than that is required in case of uniform 
spacing of laps H might also help to get all the tap weights as positive Because of lesser 
number of taps, this paiticular cost effective approach of realizing a fiber optic transversal 
filtci that we have followed might be suitable for the realization of filters with non unifoim 
lap spaemgs 
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